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Abstract -In this paper a method is presented to build an Euléine switched electrical circuit. In the latter we have thesed
Lagrange model for switching electrical networks in a strudage of exploiting the physical properties during the fesb
tured general way, which is also applicable to ideal electrgontroller design stage. In particular, we would like to lgpp
cal circuits without switches. The switches make the dywgamihepassivity-basedpproach in the feedback duty ratio synthe-
models nonlinear. For using the Lagrangian structure for cosis problem, i.e., based on the energy of a system we design
troller design, a preliminary study of the zero-dynamicswéh a controller, see e.g. [13, 10] and therefore we like to work
switching network is presented. A case study, where a pgssiwith Euler Lagrange models. Sira-Ramiret al.demonstrate
based controller has been applied, is given for @k con- ([13]) for the 'boost’, 'buck’, 'buck-boost’ converters ancase
verter. by case basis that idealized mathematically motivated tsode
actually correspond to systems derivable from classicétrEu
Lagrange (EL) dynamics considerations. The approach st3nsi
|l. INTRODUCTION in establishing a suitable set of averdgle parameteranodu-
lated by the duty ratio function. Here we develop a procedure
DC-to-DC power converters piay a primary role in moderH’\at results in the EL parameters ofa general SWitChingrélec
power systems for satellites, non-civilian, industriatiaon-  cal network structure, where we assume switches to be ON or
sumer electronic applications. Optimization of conveder OFF, and where the EL parameters are extended with cortstrain

sign is an important issue. Therefore a thorough understaggiuations stemming from Kirchhoff’s current laws.

ing of the converter as a system is required and one mustfhge to a possible non-minimum phase nature of the average
able to analyze converter behavior like Stabl“ty and tiemse- output Voitage Variabie, direct appiication of the passi\/ity_
sponse. Power converters employ pulse modulation for abntrpgsed design method, aimed primarily at output-voltage-reg
ling the duty cycle. The pulse modulation process preségts Sation, may lead to an unstable dynamical feedback coetroll
nificant difficulties in analyzing the behavior of these c@mv For this reason, amndirect approach, consisting of output-
ers. Approximations in system modeling are usually regliireyo|tage regulation through stabilization of one of the ofte-
State-space averaging has been demonstrated to be aiveffegiamical elements is undertaken. A study of the zero-dyramic
method for analysis. is thus necessary, and here we present some preliminattsresu

_on this matter. Indirect controller design for a non-minimu

The feedback regulation of DC-to-DC power supplies ignaqe system has been justified, for nonlinear system in the
broadly speaking, accomplished through either pulsehmdtwork of Benvenutet. al. ([1]).

modulation (PWM) feedback strategies, or by inducing an ap-

propriate stabilizing sliding regime ([17], [11]). In thew- In Section Il we present the general procedure to develop an
text of PWM feedback policies, modeling and regulation dEL model for switching and non-switching electrical nethar
switched DC-to-DC power converters was initiated by the pihen, in Section Il we give some preliminary results on gehe
oneering work of Middlebrook an@uk ([9]) in the mid sev- Statements about the stability of the zero-dynamics, spomed-
enties. The average PWM model could be justified from g9 to the (non)-minimum phase behavior of the output. $ecti
purely mathematical viewpoint, without regarding theisgie |V treats the development of a passivity based controllettfe

ble physicai Significance or derived from the energy ert Cuk converter. In Section V the Simula.tions with @ak C(?n-
verter are presented. Finally, in Section VI we end with the

* Research performed within the Erasmus exchange program conclusions.
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[I. EULER-LAGRANGE MODELING OF  which then finally results in the removal of these intermtslia
help variables. This procedure can be performed for efectri
(SWITCH ! NG) NETWORKS cal networks with linear inductive and capacitive elememd
with or without ideal switches. The switches can be natyrall
involved in the constraints that follow from Kirchhoff’s ment
laws. If we denote by the scalarthe switch position, which is
assumed to take values on a discrete set of the {@rh}. The
d /oL\ oL 0D complete procedure is as follows:
| 3~ ] " 37— 3= F 1
dt(%) 6q  aq ¢ @
where( is the vector of flowing current ang represent their . _ . _
time integrals, oelectric charge The vector of electric charge 1. Give all n dynamic elements in the networ_k two cqordl-
constitutes theyeneralized coordinatedescribing the circuit. nates, namely a charge and a current coordiugtendd;,
This vector is assumed to hamecomponents, represented by 1=1...n.
El’ -f“/nqni. nlt flstr\]N eII—kSrtl(ca):/nvn c;zzaégea??r!aer (jzjffne(;téz?:ésbgsveenz' Determine the corresponding energy for all ideal elesent
thag ang at_o ensyr fth ircuit. denoted b - and i.e., the magnetic co-energy for the inductive elements, de
then:agtn.e :(? fg_en ergvf th N ?r CL:t ,d i c:e% b 7, que noted by7 (q,q), and the electric field energy for the ca-
eelectiic Tield energyt the cireut, deno y(@), ie. pacitive elements, denoted Bq). In case of a switch-

£(9,9) =7(9,9) — V(q) (2) ing network, this step doasotinvolve the position of the
switch.

The EL dynamics of an electric circuit, containing no magnet
coupling between its different branches, is classicalbrabter-
ized by the following set of nonlinear differential equaitso

Procedure:

The functionD(q) is theRayleigh dissipation cofunctiaf the . . S
system. The vectaFy = (Fy,,- - -, Fq.) represents the ordered 3. Determine the Rayleigh dissipation energy, denoted by

components of the set generalized forcing functionsr volt- D(q), for the resistive elements, which may involve the
age sources, associated with each generalized coordinate. switch positionu, and the use of a Kirchhoff current law
EL circuits are thus genera”y represen[ed by the set of['e'_qua for determining the current through the resistive element
in terms of the dynamic elements as given in step 1.
d /0T 0T oV 0D
dt (ﬁ) B aq + aq - _a_q +7q (3) 4. Determine the generalized forcing functigfg given by
the voltage sources, possibly depending on the switch po-
Following ([10]), we refer to the set of functions’,V, D, Fq) sition.
as theEL parameter®f the circuits, and simply express a circulit
> by means of the ordered quadruple: 5. Give the constraint equations that are determined byhKirc
hoff’s currents laws, that do not include the laws of step 3,
2=(T,V,D, Fy). (4) and thus only involve the currents through the dynamic el-

We are interested in a general method for dynamic modeling of ehments. I thEre are no constraint equations for this step,
electrical networks, with or without switches. We consiidesl then putA(q) = 0.

physical elements, and want to follow the above mentioned Lag_ pjyg the information of the previous steps in the constrai
grangian framework, so that the physics can be easily used fo  form of the EL equations (5) and determine a state space
control purposes. However, actually the Euler-Lagrandg (E model by choosing the currents corresponding with the in-

equations are a balance of generalized forces, or, effehish ductive elements, and either the charge or the voltage cor-
in the electrical domain is given by the voltages, and ineslv responding with the capacitive elements, as state vasable
both generalized position and generalized velocity covaidis O

for each separate physical element. In the electrical domai
that means that we attach to each separate element (indubighe following we present two examples to illustrate thewe
and capacitorjwo state-variables, namely a charge and a cumethod, a simple LC-circuit with an odd number of states, and
rent. Clearly this does not correspond to the physicalfisij aCuk converter circuit with an ideal switch. Both of these ex-
but it can be viewed as if for the inductor the charge isran amples use the constraint Euler-Lagrange equations (5. Th
termediate helpariable, and for the condensator the current i§2uk converter serves as a case study further in the paper- How
In order to involve also the Kirchhoff current laws, we need tever, the above procedure also applies to the unconstesat ¢
consider the constraint form of the EL equations, see e4j, [1i-e., whereA(q) = 0, like in the examples of the buck, boost
given by, and buck-boost converter circuits, [13], where the EL msdel
of these systems have been obtained on a case by case basis.

d (oL\ 9L D
dt (E) “aq~ ag MA@ (5)
A@Ta=0
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Example 1: LC-circuit of Figure 1.

i L,
L +
P N
+ -
i uE E = G 7 H R
u— 2 L3 ' |

Figure 2:Cuk converter circuit

Figure 1: LC circuit Magnetic co-energyT (4c) = 5L162, + 5LsdP,

Electric field energyV(ac) = %qéz + Z%AQ(Z;A
This example is taken from Example 4.2.1. of [14], and is meaﬁ leiah dissipationD (& o) — LR(G . — G )2
to show the potential of this method, even if the number of dy-ay eigh dissipationD(dy, dc,) = 7R(0Ls — de,)
namic elements is not even. At first sight the EL equations m&ternal forces7q  =E, Fo., = Fq
demand an even number, but due to the above procedure whafrehhoff constraintqc, — UL, — (1 —u)g, =0
each dynamic element has two coordinates, this is not neces-
sary. And thusA(q)" = (—(1— u),1,—u,0). Plugging this into the
equations (5) yields for théuk converter:

q :F%AZO

(Intermediate) state variableg:, ¢, i =L1,Cp, L3

Lagrangian: = 3L1¢f, + 3La¢F, — 250, LGy, —(1-uA+E
Kirchhoff: ¢, — 6, — 6o, = 0 Ciqcz — A
2
with g = (q,, 0c,, qL3)T we obtain from the equations (5) with LG, = —R(QL;—Gc,)—UA
T_(1_1_ 1 . .
A(Q) - (1a 11 1) C_4qc4 — R(qu_qCA)
qul-l = A+V 0 = qcz—qus—(l—u)qu
1
—0c, = —A which results in the state equations fdri,Xo, X3, x4) =
© (0, &y G i, ):
Lat, = —A b &0 ey & )
0 = 4, -0, 6, 5 = _(1_u)iX2+E
Ly Ly
which results in the dynamical equations corresponding to o — (1 1 1
(4.19) in [14], with(x1, X, X3) = (G, &0, Ls) o = —U)C—2X1+uc—2><3 ©
. 1 1
X3 = —U—Xp— —X4
X = —ix2+v ¥ L7 Ls
L1 . 1 1
X = =XR—5=X
5(2 = Ci(Xl—Xg,) C4 RC4
12 This is the model with the discrete values for the switch,dsut
X3 = L_x2 0 we will see next, is also closely related to the PWM model.
3

A PWM policy regulating the switch position functianmay

i be specified as follows:
Example2: Cuk converter of Figure 2.

u(t) = { 1, for t<t<t+D(t)T
This example illustrates the potential of the proposedeguiace 0, for t+D(t)T <t <t+T 7)
for switching networks, and serves as a case study throdghou te1=t+T; k=0,1,...
the paper.

wherety represent a sampling instant; the paramdtas the
(Intermediate) state variableg:, ¢, i =L1,Cy,L3,Cq4 fixed sampling period; the sampled value of the state vector
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of the converter are denoted kft,). The functionD(-) is the [1l. ZERO-DYNAMICS
duty ratio function acting as an external control input to the
average PWM model of the converter [12]. The value of the

duty ratio functionD(ty) determines at every sampling instanin the sequel, we continue with the dynamic PWM model of the
t the width of the upcoming ON pulse &Xt)T (during this converter structures, as can be obtained from the previmis s
period the switch is fixed at the position representedibyl).  tion, where we now denote the averaged state space variables
Now, the duty ratio functio®(-) is evidently a function limited by z and the duty cycle bp. The design of passivity based
to take real values on the open interval ]0,1[. control for the buck, boost, and buck-boost converter can be
found in [13], whereas further analysis of the closed loog sy
For networks with a switch, note that, according to the PWkem is explored in some follow-up work, e.g. [15, 16]. Since
switching policy (7), at every sampling interval of peribdthe we have given a general procedure to build an Euler-Lagrange
Kirchhoff constraintA(q)T¢ = 0 for u= 1 is valid over only a model for switching networks, we can also generally appéy th
fraction of the sampling period given Wy(tc), while the con- passivity based control design technique. However, ongiss
straint foru = 0 is valid over only a fraction of the samplingthat remains is the choice of the average state variable to be
period equal td1— D(tx)). One possible way to handle this stabilized to a certain value, in order to, possibly indiseceg-
is to considering an average value of the Kirchhoff constraiulate our average output toward a desired equilibrium vatoe
and thus to propose the set of EL parameters with the constrahe boost and buck-boost converters, it was shown in [13] tha
dependent on the duty cycle, as in the original procedur® itthe average output voltage could not be directly controtiee
dependent on the discrete values of the switch. Note thag if v the unstable zero-dynamics (i.e., for linear systensdbi-
would takeD =1 or 0, one recovers, respectively, the Kirchhoffesponds to zeros in the right half plane, or in other words, u
constraint for the two switch positions. Indeed, sudtoasis- desirable non-minimum phase behavior), and thereforetdad
tencycondition is verified by noting that be indirectly controlled via the average input-currentichtex-
posed stable zero-dynamics.

A(@)"q|p-1=0,

(8) Ingeneral, we can not say much about the stability or inktgbi
A@)"q |p=0=0. of the zero-dynamics of the separate elements of switchétig n
works, since we are not able to give general descriptioniseof t
0zero-dynamics. However, when we consider converter struc-
tures with one switch, a resistive element over the outmaca
itor, a constant voltage source that applies to an induetiee
ment, and exclude the forcing function to depend on the $witc
position (like for the buck converter), then we can at least g
one element of the zero-dynamics.

We note that the Lagrangian function associated with theeab
defined average EL parameters is actugiiariantwith respect
to the switch position function.

Example2 (continued)
The PWM model for th€€uk converter is given by the dynamic
equations as in (6), where the state variabikereplaced by the
average statg i.e.,z; andzz represent the average inductor curThe description of the dynamics as described in words afsove i
rents, andz, andz, the average capacitor voltages, and whegiven by the following more compact matrix representation
the discrete signal is replaced by the duty cycle that takes
values in the open interval ]0,1]. O

Mz+DNhz+ Joz+Rz=E (9)
The presented Euler-Lagrange modeling technique for ¢awit
ing) networks results in the same dynamical models as wheen th
Hamiltonian frgmework i_s u;ed, e.g. [7, 3], provided tha ”\/yhereM is invertible, and where/; = — 7T and its elements
same level of ideal physics is assumed. Howeyer, thg Ha_mélr'e given by{ —1,0,1}, fori = 1,2.
tonian framework does not introduce the “semi”-physical in
termediate help-variables. Nevertheless, we do thinkttieat
above framework is an easy, general, and straightforwayd wiaxample2 (continued)
to obtain the dynamic models of electrical networks, whiee t For theCuk converter of Example 2 we have
interconnection between the elements, given by the Kirtthho
laws, corresponds to the straightforward knowledge of tbe e

trical engineer. It gives us the opportunity to apply thelwel Ly 0 0 O 0O -1 0 O
known passivity based control techniques, as presentetBin [, 0 G 0 0 ]. 11 0 -1 0
for the buck, boost and buck-boost converter, but this tiore - 0O 0 Ls O = 0 1 0o 0|’
more general electrical network structures. 0 0 0 C 0O 0 0 O
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This means that if we desire to regulatetoward an equilib-
rium valueV,, which is known to correspond to a steady state
value D¢ of the duty ratio functiorD, then such a regulation
can beindirectly accomplished by stabilizing one of the other
average variables toward the corresponding equilibriulwes
computed in (12).

oo oo
cNeoNoNe]
oo oo
ooo
S
|
|
©n
NNl
ooo
Or oo

|
[EEN

1R 0

If we consider the average output voltageas the output, we
see that, = 2, and thus that

ocooom

- &g = @2 =
For the converter structures we consider here, we can biang t
system in normal form (see e.qg., [4]) for the outggiven by
the stateg, which has relative degreg then we obtain the new o , .
coordinatesf = (&1, .. _’Eri)T, andn = (N, )T, with and that the state of the zero-dynamics is going to be detexni

(§,n) = @(2), and@y =y, ...@, = y("). For then coordinates,

g o= (Z)—'—lz—l
2 = @ —Z4—C—43 ma

that are related to the state of the zero-dynamics we obtain = ®E = Latlss
o0 | N2 = @@ = 37Li+3%C+32Ls
(M thz=0, i=r+1,...,n
0z We now use Mathematica 3.0 for calculating ¢~*(€,1n), and
This implies that at least the total energy, given by we form the zero-dynamics by givirg its desired valués,,
1 i.e., thenéy = V,,, &2 = 0, and then we consider the dynamics
@ 41(2) = Esz\/tz (10) of n, see [4]. In order to determine whether or not the zero-

dynamics are stable, we linearize the zero-dynamics atfiie e
is part of the zero-dynamics. If we drop the assumption thgrium pointn?, that corresponds to (12).
the generalizing forces are independent of the switch, we ca
still do the above analysis, but then we have to add to thé tota order to be able to numerically compute the eigenvalues, i

energy of (10) an additional term which depends on the veltagrder to determine the stability, we need to fill in some value
source. for the parameters. Mathematica is not yet able to do this sym

bolically for the expressions we have here. In the sequetrwh
the stability of the zero-dynamics has to be computed, we use
for the parameters the following (real-life) valuds= 100V,
V. PASSIVITY, BASED CONTROL FOR R=400Q, Lj = Ls — 600 uH, C, — C4 — 10 F. In the case
THE CUK CONVERTER of the zero-dynamics o, this yields for the linearization the
eigenvalue$625—9107.29i, 625+ 9107.29) with real part in
In the sequel we will continue with the passivity based corthe right half plane. Thus the zero-dynamics are unstabkt, a
troller design for theCuk converter of Example 2 as a casave can conclude that directly controllizgto its desired value
study. It is immediately obtained that the equilibrium \edu is infeasible, due to non-minimum phase behavior.

for a constant duty ratio functioB(t) = D¢ is for the average ) o
currents, denoted by, I5,, and the average voltage, denote&onsider now the output of the circuit to be represented by th

by Vi, Vo, are given by average output curremns (i.e, y = z3). In this case we would
perform an indirect control of the output voltaggby control-
E D¢ 2. E ling the output currentz. The relative degree; = 1. In order
1y = R (1 _ Dc) b Vg = 1-D.’ to find the zero-dynamics we proceed as along the same lines as
(11) above,i.e.,
o = — D. E. ___Dc E € = @2 = =z
“ 1-Dc R’ “ 1-Dc and then we find,(2), @3(z), @a(z) by taking
Note that forD. in the open interval0, 1], results inV, < 0. 1 1 1
Henceforth, given a desired equilibrium vaMg for the out- n = @2 = Ez%LlJr Ez%Cer Ez%Lg,
put voltag(_e, which correspond to a constant value of th_e duty Ne = @2 = Lizi+Llsz (13)
ratio functionD¢ = Vo, /(V2, — E), the uniquecorresponding
equilibrium values for the average voltage and currents are ns = w2 = =z
Vzi 3 Again we perform the calculation of the inverse transfororat
hy=5g la=](" Vu=E-Va. (12)  ¢-1(¢,n) with the help of Mathematica.8, and we find the
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zero-dynamics as described above, where @ow I,,. The sivity of the closed loop system:
numerical results of the linearization yield in this casesth

eigenvalueg —250Q 625— 910729, 625+ 9107.29); since 2o = 1 <(1_ E+Ri(zs— Ild))(Ild ) — Iy
the two complex conjugates have the real part greater thran ze C Zy
we conclude that the controller is, unfortunately, not ifelas
due to its lack of stability. —Re(z2 - ZZd))
Consider now the output of the system to be represented by the zzy = —Li ((1 — M)zm + Z4g
average input voltage. In this case we would perform an 3 Z2d
indirect control of the output voltaga by controlling the input “Rs(zs— ng)>
voltagez,. The relative degree ab isrp = 1. As above, we
now have . 1 1
Zyg = G <§24d Z3d>
¢ = el = 2 220(0) > 0
(14)
and then we complete the transformation by takiagnz, ns E+Ri(zs— 1)
as in (13). Again the calculation of the inverse transforma- D=1- T

tion z= ¢~%(&,n) has been performed with the help of Math-
ematica 3. The zero-dynamics are then given by puttin
2, =V, and linearizing these dynamics yields eigenvalues wi
a real part in the right half plane, i.g+-153116, 64058 —
179387i, 64058+ 179387i). Hence, we conclude that con-
trolling z; via z is also infeasible.

hereRy, Ry, R > 0 are design parameters that inject the damp-
g that is required for asymptotic stability. For furtheadysis,

we refer to related considerations and remarks as giversin [1
We only present the scheme of Fig. 3 which is the implementa-
tion scheme based on philosophies that can be found in [5, 6].

Our last opportunity for indirectly controlling the outpuditage t“l X
z4 is given by controlling the average input curremt which 1 o [ o 101 Dcéng %
also has relative degrege = 1. Hence, as above, . Converter 2
Limiter
€ = @@ = 2z .
( ) Nonlinear %,
. . . D (calculated passivity-based
and we complete the transformation by takimg,nsz as in dynamical duty ratio %
equation (13). Going through the calculations with= 11, we synthesizer by

obtain for the linearized zero-dynamics the three eigemsl
(—166899, —10405+157661i, —10405—157661i). Now _. ] . -
all of them have the real part in the left half plane. Hence, \AEgurde 3 TWLVI feltedback C(Ianttiror: %:hsmenl:/orrltnflrect, paBsivi
conclude that, at least for the chosen values of the paraset ased, outputvoftage regulation fouk converter.
controllingz; indirectly viaz; is feasible. Since the expression

is too complicated we are not able to analyze the behavidreof t

eigenvalues depending on the parameters analyticallywbut

have seen that for varying values of the parameters the ander V. SIMULATION RESULTS

the sign of the eigenvalues remain the same. Hence, from
above analysis we may conclude that we can indirectly cont
the output voltage by controlling the input current.

r%?nulation are performed in order to test the effectiveraess
robustness of the proposed feedback controller. Firstlafel
set an ideal voltage sourée= 100V. Resistors, capacitors,
inductors and the transistor are supposed to be also idéasan
before, their values are taken to be the following typictliga:
=40Q,L; =Ly =600uH, C; = Cy, = 10pF. For the damp-
ing parameters we choose the valles=1, R, =1, R3 = 1.

We now provide the only feasible regulation based oriran
direct output capacitor voltage control, achievable through t
regulation of the input current. Suppose it is desired tolag
z, towards a constant valug, = l1,. Corresponding to this ob- o = o' e implementation we had to consider both the fol
jective for the input voltage;, the required input voltage, out- lowing cases

put voltage and output current may be represented by the func 9
tions zq(t), Zaa(t) andzq(t), to be determined later. Now we (4 |deal switch

follow the procedures as given in [10], and by the same thread

as in [13] we obtain the following controller that preserpes-  (ii) Actual switch (one position switch plus diode)
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In fact we would always like to use the actual switch but this

however implies two nonlinear models for the plant (one when
the transistor is ON and the other when the transistor is OFF)
and for small values of the desired output voltage we get nu-
merical problems.

For the use of the ideal switch, we have a numerically efficien
procedure that uses the fact that for both switch positioas w
have a linear model, i.e.,

X(t) = AX(t) +B
and we can easily find the solution

t+At
Xt+0t) —eMix(t) + / At+M-9pgg
Jt
= eMix(t) — A" 1B+ A 1eMB.

Current iy [A]
20

Voltage Vo1 [\4]

Current i [A]

Voltage Veo [\4]

15
10

350
300
250
200
150
100

50

—
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-200

Moorr———————|

0
0 0.01
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0
002 o0
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0
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0.01
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0
002 0

0.01
tls]
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0.01
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Figure 4: Simulation result for performance evaluationtuf t

for A invertible, which is the case here. It is also necessary éflirect PWM controllerin &uk converter with an ideal source
charge the electric network before applying the contraiter ~ VoltageE.
erwise we run into numerical problems. Since our calcutegio

are only valid near the equilibrium values, this does nomseeadded to the external voltage source starting from an liyitia

very restrictive.

When we use the real switch, for the diode we use the expon&
tial relation
\
| =Ir(ek —1)

where the reverse current ig = 1 mAandk = 0.1086 i.e.

the forward current isg = 10 A when the forward voltage is
Ve =1V. These are typical values for a power diode. The sam-
pling frequency for the PWM policy is set at 28B1z which
gave the best trade-off between accuracy and simulatios tim
To avoid the use of low-pass filters, instead of using the-aver
aged state variables, z» andz; for feedback on the duty ratio
synthesizer, we use as it is customarily done, the actual PWM
controlled stateq, X2 andxs in the controller equations. The
desired ideal average input inductor current is calculbtethe
equationin (12). We have sét, = —200V and this correspond

to an ideal average input currdat = 10 A, with a steady-state
duty ratio ofD = 0.667; from the equations in (12) we calculate
also the other ideal average vallgs= —5 A andVy, = 300V.

Current iy [A]
20

Voltage Ver [\Y]

Current i [A]

uncharged system. The peak-to-peak magnitude of this i®ise
hosen to be approximately 20% of the valueEofThe aver-

Voltage Veo [\4]

15
10

350
300
250
200
150
100

50

rS————

-50

-100

-150

-200

Wttt |

0
0 0.01
tls]

Duty Ratio D

0
002 o0

0.01
t[s]
Voltage Vg ™v

002 0

0.01
t[s]

Resistor R [Q]

-250
002 0

I

50

40

30

20

10

4
0 0.01
tls]

0
002 0

0.01
tls]

0
002 0

0.01
t[s]

0.02

0.01
t[s]

0.02

Figure 4 shows the closed-loop state trajectories as welieas Figure 5: Simulation result for performance evaluationhs t
duty ratio function. As can be seen from the simulation, thadirect PWM controller in aCuk converter with a perturbed
proposed feedback controller (14) achieves the desiréteittd source voltagé.

stabilization of the output voltage around the desired ldwui

rium value. The average steady-state errors, with respebet age steady-state errors, with respect to the equilibriuoesga
equilibrium values, is approximately&s in the input current, is now approximately 4% in the input current4% in the in-
0.2% in the input voltage, 8% in the output current and aboutput voltage, 27% in the output current an®d% in the output
0% in the output voltage. The ideal duty ratio is also achdeveroltage. The ideal duty ratio is achieved within less thanes%
within 0% error. ror. The controller performance hence exhibits a high degfe

o ) . robustness with respect to the external stochastic petiorb
In applications these systems are typically subject torexte

nal disturbances (see e.g., [15], [16]). For instance, ggei+ Unknown load resistance variation generally affects thefe
lated voltage is perturbed by fluctuations in the externdbge ior of the closed-loop performance of the controlled coterer
source. In Figure 5 a stochastic perturbation signal has begimulations, shown in Fig. 6, were performed to depict thre se
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sitivity of the system currents, voltages and duty raticwi- it is sometimes easier, and since we then can apply well-know
spect to abrupt, but temporary, unmodeled changes in tlik |geassivity based control techniques.

resistance R. A sudden change in the load resistance was set t . )
Further research is recommended in the development of an

adaptive modification of the controller because one of thee us
ful properties of the passivity-based controllers is thayteas-

Current iy [A] Voltage Ver ™ Current i [A]
20 350 5 50

Voltage Veo [\4]

15

0
0 0.01

|

150
100
50

300 0
0
250
-50
200

-100

-150

-200

W

tls]

Duty Ratio D

0
002 o0

001 002 0
t[s]

Voltage Vg ™v

0.01 0.
t[s]

Resistor R [Q]

50

-250
02

0 0.01
t[s]

0.02

ily can be modified to account for parametric uncertaintyhia t
system dynamics. Furthermore, future research includeisth
volvement of more non-ideal physical effects, a more génera
statement about the non-minimum phase behavior, and the in-
fluence of the different topologies that are given in the powe
electronics literature.
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